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TO THE EDITOR
The desquamation behavior of human
stratum corneum (SC) has been asso-
ciated with the progressive degradation
of corneodesmosomes toward the outer
skin surface. This process is facilitated
by the action of specific enzymes in the
SC, such as the human tissue kallikrein
7 (hk7) and the human tissue kallikrein
5 (Egelrud, 2000; Rawlings and Matts,
2005). Currently, the effect of corneo-
desmosome degradation on the me-
chanical behavior of SC is still not
well understood and the experimental
characterization is largely limited to the
measurements of in-plane properties or
qualitative tape stripping (Rawlings
et al., 1995; Simon et al., 2001). In
particular, a quantitative relationship
between human SC intercellular dela-
mination energy, Gc, and the density of
intact corneodesmosomes has not been
established. This limits our understand-
ing of the contribution of corneodesmo-
some degradation on the normal
physical process of corneocyte detach-
ment as well as damage processes
associated with abnormal desquama-
tion conditions in a wide variety of skin
disorders, such as ichthyosis, psoriasis,
and xerosis (Suzuki et al., 1996; Simon
et al., 2001). To better understand this
contribution, we use an in vitro fracture
mechanics-based double cantilever
beam method to quantitatively charac-
terize the effect of enzyme-induced
corneodesmosome degradation on Gc.
Using this approach, we have pre-
viously identified that delamination of
SC is intercellular and the removal of
mobile lipids in SC increases the inter-
cellular delamination energy, as cova-
lently bound lipids are brought into
closer proximity (Wu et al., 2005,
2006a, b). We also suggested that the
increase in Gc with depth into the SC
was related to the increasing density
and integrity of the corneodesmosomes
(Wu et al., 2006b).
In this study, recombinant human
tissue kallikrein 7 (cat. no. 2624-SE;
R&D Systems Inc., Minnesota, MN) was
used to facilitate corneodesmosome
degradation. The study was approved
by the Stanford University Institutional
Review Board and was conducted
according to the Declaration of Helsin-
ki Principles. SC was obtained from the
thigh of an 80-year-old female Cauca-
sian donor based on the protocol
suggested by Kligman and Christophers
(1963) and was incubated in a 50mM
Tris, 150mM NaCl, pH 8.5 buffer
solution with recombinant human tis-
sue kallikrein 7 (50 ngml1) and with-
out the enzyme for 6 hours at 37 1C. The
drying of the tissue after control or
enzyme exposure was carried out at a
relative humidity level of 45%, where
the actual moisture content of SC as
measured with respect to SC dry weight
was B5% wt/wt to reduce the effect of
tissue hydration on the delamination
energy.
Double cantilever beam specimens
were prepared and tested as described
previously (Wu et al., 2005). Periodic
measurement of the critical load and
the delamination length at incipient
delamination extension were used to
determine Gc from critical values of the
strain energy release rate (Kanninen,
1973; Ohashi et al., 1998). To measure
Gc by the thickness of the SC, succes-
sive double cantilever beam specimens
were prepared from completely sepa-
rated specimens (see Figure S1) and
tested as described elsewhere (Wu
et al., 2006b). Using this methodology,
the delamination properties of the SCAbbreviations: rhk7, recombinant human kallikrein 7; SC, stratum corneum
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were probed systematically as a func-
tion of tissue depth. Detailed materials
and methods are available in Supple-
mentary Materials and Methods.
A schematic representation of the
location of the repeated delaminations
into the depth of the SC are shown in
Figure 1a and the corresponding Gc
values are shown as a function of the
delamination number in Figure 1b. For
the first two delaminations of the
control tissue, Gc values exhibited a
marginal increase, as the intercellular
delamination path moved inward
and sampled an increasing density of
corneodesmosomes at the corneocyte
boundaries. Gc values began to in-
crease significantly for the third and
subsequent delaminations, suggesting a
transition from intercellular delamina-
tion to combined intercellular and
cohesive delamination of the individual
corneocytes and the first limited pre-
sence of the cyanoacrylate adhesive in
the delamination path as previously
reported (Wu et al., 2006b).
After being subjected to rhk7, Gc
values were observed to decrease
dramatically by B67% from B6 Jm2
in the control toB2 Jm2 after enzyme
treatment. The enzyme-treated SC
exhibited consistently lower Gc values
with increasing depth into the tissue
compared with the control tissue. This
implies that the rhk7 treatment we used
and the associated corneodesmosome
degradation have a direct and measur-
able effect on lowering the intercellular
delamination energy for multiple cor-
neocyte layers into the SC. For the
fourth delamination, the Gc value of the
enzyme-treated SC began to converge
with the delamination energy value of
the control, suggesting that the delami-
nation was no longer determined only
by the intercellular boundaries. To be
absolutely sure that the rhk7 caused the
observed results, additional tissue was
incubated in the pH 8.5 buffer solution
with recombinant human tissue kallik-
rein 7 (50 ngml1), which was heat-
denatured at 55 or 70 1C for 20minutes
for 6 hours at 37 1C. A control was
prepared with tissue exposed only to
the buffer solution. The Gc values of the
tissue exposed to the heat-denatured
enzyme was not different compared
with those of the control, further prov-
ing that the enzymatic activity was
responsible for the significant decrease
in the delamination energy (Figure S2).
Both enzyme and control-treated SC
were characterized with the TEM1230
electron microscope (Jeol, Tokyo,
Japan) equipped with a CCD camera
(Gatan, Pleasanton, CA) at an accele-
rating voltage of 80 kV. Degradation
of the corneodesmosomes after rhk7
exposure was clearly apparent in the
transmission electron microscopy
images as has been previously reported
(Watkinson et al., 2000; Simon et al.,
2001; Caubet et al., 2004). Degraded
corneodesmosomes appeared to have
light interiors associated with reduced
electron scattering in the lower density-
degraded interior regions (Figure 2b).
Corneodesmosomes remained intact in
the interdigitated regions of neighbor-
ing corneocytes, suggesting that the
enzyme dosage used in this study may
not have been high enough to degrade
the intralayer corneodesmosomes
(Figure 2c). It was not possible in this
study to determine the exact extent of
degradation. Rather, the surface densi-
ties, obtained from the micrographs
of corneodesmosomes that appeared
fully intact and those that were par-
tially degraded, were determined and
are presented in Figure 2d for the
enzyme-treated and control tissues.
Enzymatic treatment significantly in-
creased the density of partially degraded
corneodesmosomes from 0.056 to 0.147
corneodesmosomes per mm2 while
significantly decreasing the density of
intact corneodesmosomes with respect
to the control tissue.
These results suggest a strong link
between the SC intercellular delami-
nation energy and intact corneode-
smosome density. The enzymatic
degradation of corneodesmosomes
weakens the strong corneocyte–corneo-
cyte interaction in the SC microstructure
making the tissue more susceptible to
delamination fracture. We believe that
this represents the first direct quantita-
tive demonstration of the effects of
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Figure 1. Delamination behavior of enzyme treated SC. (a) The repeated delaminations are into the SC layer
as indicated schematically. (b) Intercellular delamination energy, Gc, values are shown as a function of
the delamination number. First delamination: after exposure to rhk7, the intercellular delamination energy
is observed to decrease fromB6 toB2 Jm2. (For comparison to untreated SC: Po0.01 using the Wilcoxon
signed ranks test for independent samples.) Error bars: mean ±1.96 SEM with n¼ 46 for each test
condition. Subsequent delaminations: error bars: mean ±SD with n¼16 for each test condition.
Comparison between control and enzyme for the inner surface: Po0.01 for first, second, third delaminations.
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corneodesmosome degradation on the
delamination properties of human SC.
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Figure S1. Fracture mechanics specimen geometry
and testing schematic.
Figure S2. Intercellular delamination energy, Gc,
of SC exposed to the heat-denatured enzyme.
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Figure 2. TEM micrographs of enzyme treated SC. Transmission electron microscopy (TEM) micrographs
of the SC tissue showing elongated corneocytes and intact corneodesmosomes for the tissue exposed
to the control solution (a) and partially degraded (PD) interlayer corneodesmosomes after 6 hours of
enzyme exposure (b). (c) Intralayer corneodesmosomes were resistant to degradation for the rhk7
exposures used and remained intact in the interdigitated regions of corneocytes within a layer.
(d) Measured surface density of intact and partially degraded corneodesmosomes for SC exposed to
rhk7 for 6 hours. After exposure, surface density of partially degraded corneodesmosomes increased
significantly, whereas the density of intact corneodesmosomes decreased. Po0.01 for all conditions.
Error bars: mean±SD with n¼ 4 (images) for each test condition. An indication of the corneodesmosome
degradation was obtained from the resulting TEM images by counting the number of intact and partially
degraded corneodesmosomes that were clearly apparent in the images. The surface density of such
intact and partially degraded corneodesmosomes was obtained after dividing the total area of the
micrographs examined. The area of the SC represented by each micrograph was 102 mm2.
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